A hybrid technique, based on the coupled-mode theory developed by Athanassoulis & Belibassakis (1999) and extended to 3D by Belibassakis et al (2001) and Belibassakis & Athanassoulis (2004) , which is free of any mild-slope assumption, is used, in conjunction with a boundary integral representation of the near field in the vicinity of the body, to treat the problem of hydrodynamic analysis of floating bodies in the presence of variable bathymetry. Numerical results are presented concerning floating bodies of simple geometry lying over sloping seabeds. With the aid of systematic comparisons, the effects of bottom slope on the hydrodynamic characteristics (hydrodynamic coefficients and responses) are illustrated and discussed.
INTRODUCTION
The interaction of free-surface gravity waves with floating and/or immersed bodies, in water of intermediate depth with a general bathymetry, is a mathematically interesting and difficult problem finding important applications. A specific example is the design and evaluation of performance of specialtype ships and structures operating in nearshore and coastal waters; see, e.g., Sawaragi (1995) . Also, pontoon-type floating bodies of relatively small dimensions find applications as coastal protection devices (floating breakwaters) and are frequently used as small boat marinas; see, e.g., Williams (1988) , Drimer et al (1992) , Williams et al (2000) , Drobyshevski (2004) . In this case, the estimation of waveinduced loads and structure motions can be based on the solution of classical wave-body-seabed hydrodynamicinteraction problems, see, e.g., Wehausen (1971 Wehausen ( ,1974 .
Theoretical aspects of the problem of small-amplitude water waves propagating in a region of varying depth, and their interaction with floating and/or submerged bodies, mainly existence and uniqueness results, have been presented, under various geometric assumptions, by various authors; see, e.g. the survey by Evans & Kuznetsov (1997) and the book by Kuznetsov, Maz'ya & Vainberg (2002) . Intermediate-depth and shallow-water conditions are frequently encountered in marine applications. When barges, offshore structures or floating docks are moored or towed in nearshore and shallow areas, accurate prediction of motions is required to design the mooring system and to insure that under-keel clearance is sufficient for the structure to avoid grounding. In most applications, the water depth has been assumed to be constant, which is practically valid in the case when the depth variation is small. However, in applications involving the utilisation of floating bodies in coastal waters, the variations of bathymetry may have a significant effect on the hydrodynamic behaviour of ships and structures. In this connection, under the assumption of slowly varying bathymetry, mild-slope models have been developed for the analysis of wave-induced ship motion, see, e.g. Takagi et al (1993) . This approach has been further extended by Ohyama & Tsuchida (1997) to treat in environments characterised by steeper bathymetric variations, as, e.g., in the entrance of ports and harbors.
In the present work, a hybrid technique based on the consistent coupled-mode theory developed by Athanassoulis & Belibassakis (1999) and extended to 3D by Belibassakis et al (2001) , which is free of any mild-slope assumption, is used, in conjunction with a boundary integral representation of the near field in the vicinity of the body, to treat the problem of hydrodynamic analysis of floating bodies in the presence of variable bathymetry. In order to better illustrate the present approach the 2D problem is first considered. Numerical results are presented concerning floating bodies of simple geometry lying over sloping beds. With the aid of systematic comparisons, the effects of bottom slope and curvature on the hydrodynamic characteristics (hydrodynamic coefficients and responses) are illustrated and discussed.
The 3D problem is more complicated by the fact that the physical properties of the medium (the index of refraction and the propagation speed) are different at infinity as approached from different directions. In this case, the far-field wave pattern is not known a priori, and a standard radiation condition (e.g., Sommerfeld condition) cannot be applied. This difficulty is treated by means of the three-dimensional Green's function for harmonic water waves over an uneven bottom topography, Belibassakis & Athanassoulis (2004) , permitting us to formulate and solve 3D wave-body-seabed interaction problems, in variable bathymetry regions with different depths at infinity, by means of boundary integral equation techniques.
THE 2D PROBLEM
We first consider the 2D problem concerning the hydrodynamic behavior of a floating body B D of arbitrary cross (yz) section in the coastal-marine environment illustrated in Fig. 1 . This environment consists of a water layer bounded above by the free surface and below by a rigid bottom. It is assumed that the bottom surface exhibits an arbitrary onedimensional variation, i.e. the bathymetry is characterised by parallel, straight bottom contours lying between two regions of constant but different depth, (the deeper water region or region of incidence) and h (the shallower water region or region of transmission).
, , x y z is introduced, with its origin at some point on the mean water level (in the variable bathymetry region), coinciding with the center of flotation of the floating body, and the z-axis pointing upwards. The liquid domain is decomposed in three parts , (see Fig. 1 ), defined as follows: is the subdomain characterized by where the depth is constant and equal to , and
where the depth is constant and equal to h . Also,
D is the variable bathymetry subdomain ( ) containing the floating and/or immersed body. The depth function characterizing this environment is assumed to be smooth and has the following form
h y a h y h y a y b h y b
The liquid is assumed homogeneous, inviscid and incompressible. The wave field in the region D is excited by a harmonic incident wave, with direction of propagation normal to the depth-contours. Thus, the fluid motion is described by the 2D wave potential ( , ; y z t Φ . The latter, under the assumptions that the free-surface elevation and the wave velocities are small, satisfies the linearised water wave equations. See, e.g., Wehausen & Laitone (1960) or Mei (1983) . Then, the wave field is time harmonic
where H is the incident wave height, g is the acceleration due to gravity, 2 / g µ ω = is the frequency parameter, and 1 i = − . In the sequel, the wave potential associated with the propagation/diffraction of water waves in the variable bathymetry region without the scatterer (floating body) will be also called the generalized incident wave field. This potential is considered to be known, as, e.g., obtained through the application of the consistent coupled-mode theory developed by Athanassoulis & Belibassakis (1999) and briefly described in Sec. 3 of this work. The rest of sub-problems on
in the variable bathymetry region, can be formulated as radiation-type problems in the bounded subdomain 
The first terms (n=0) in the series (2.4) and (2.5), respectively, are the propagating modes, while the remaining ones are the evanescent modes. In the expansions (2.4) and (2.5) the sets of numbers , and the sets of vertical functions , are, the eigenvalues and the corresponding eigenfunctions of regular Sturm-Liouville problems obtained by separation of variables in the constantdepth half-strips . The eigenvalues are
given as the roots of the dispersion relations
and the eigenfunctions
given by
(2.7)
The completeness of the expansions (2.4) and (2.5) follows by the standard theory of regular eigenvalue problems; see, e.g., Coddington and Levinson, (1955) . On the basis of these representations, the hydrodynamic problems concerning the diffraction and radiation potentials ( ) can be all formulated as radiation-type problems, satisfying the following systems of equations, boundary and matching conditions:
,
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The latter are also shown by using vertical dashed lines in Fig. 1 Finally, the boundary data , , appearing in the right-hand side of Eq. (2.8d), are defined on the wetted body surface by the normal derivative of the generalized incident field, , and by the components of the generalized normal vector on the body boundary, 2 y g n = ,
, .
THE GENERALISED INCIDENT WAVE-FIELD
The wave potential associated with the propagation/diffraction of water waves in the variable bathymetry region, without the presence of the scatterer (floating body), can be very conveniently treated by means of the consistent coupled-mode model developed by Athanassoulis & Belibassakis (1999) . This model is based on the following enhanced local-mode representation of the generalised incident field (in the absence of the scatterer): 
; 
An important feature of the calculation of the generalized incident field by means of the enhanced representation (3.1), is that it exhibits an improved rate of decay of the modal amplitudes ( ) n y ϕ of the order . Thus, only a few number of modes suffice to obtain a convergent solution to
, even for bottom slopes of the order of 1:1, or higher. More details about the above technique can be found in Athanassoulis & Belibassakis (1999) , and as concerns its application to 3D seabed topographies in Belibassakis et al (2001) . 
THE DIFFRACTION AND RADIATION PROBLEMS
The problems on ( )
, Eqs. (2.8), will be treated by means of boundary integral equation formulations, based on the single layer potential (see, e.g., Wehausen, 1974) . Accordingly, the following integral representations are introduced for ( )
A specific convenient form of the function is given by
, , , 
; see, e.g., Kress (1989) , Katz-Plotkin (1991) . Based on the properties of the single-layer distributions, the corresponding normal derivatives of the potentials (Kress, 1989): and all numerical results presented in this work are based on this choice for ) ; z y . However, other choices are also possible; see Athanassoulis & Belibassakis (1999, Sec.4) . By following exactly the same procedure as in the latter work, the coupled-mode system of horizontal equations for the amplitudes of the generalised incident wave field is obtained:
in where a prime denotes differentiation with respect to y. The coefficients of the coupledmode system (3.3) are dependent on y through and can be found in Table 1 of Athanassoulis & Belibassakis (1999) . The coupled-mode system (3.3) is supplemented by the following boundary conditions (see also Massel, 1993) 
where ρ is the fluid (water) density and h is the (mean) water depth.
In Fig.3 (a) , the same effect is illustrated concerning transmission coefficient of the rectangular pontoon, considered to be freely floating and fixed. In the rest subplots of Fig. 3 , the effect of bottom slope on the motions of the freely floating body is presented. In this case, the response amplitude operators (RAOs) of the floating pontoon in sway, heave and roll motion are presented, as calculated by the present method, over the flat and the sloping seabeds. All the above results are parametrically plotted vs. the non-dimensional wavelength λ/h, ranging from deep ( /h 0 λ → ) to shallow ( / h λ → ∞ ) wave conditions. (5.1c) where B denotes the breadth of the floating body and GM is its metacentric height. The above equations can also be modified to include other external forces, as e.g., mooring forces or spring terms; see, e.g. Drimer et al (1992, Sec. 3.5) . Details about the definitions of the hydrodynamic forces and coefficients, as well as the system of equations of motion, can be found in Wehausen (1971) or in other ship hydrodynamics textbooks (e.g, Lewis, 1989 ).
More specifically, in Fig. 3(b,c) (5.5b) To illustrate the effects of bottom slope on the hydrodynamic characteristics of floating bodies in variable bathymetry regions, we consider, as an example, the case of a floating pontoon, i.e. a floating body of rectangular cross section, with nondimensional breadth B/h=1.5, and draft T/h=0.5, where h denotes the (mean) depth below the centerline of the floating body. See Fig. 2(a) . The center of gravity has been selected to coincide with the center of flotation (KG=T) and thus, the metacentric height of this structure is GM/h=0.625. Numerical results are presented in Figs. 2 and 3 concerning the hydrodynamic behavior of this floating structure in constant depth and over two linear shoals characterized by (constant) bottom slopes 12.5% and 25%, respectively.
is shown in Fig. 3(d) . From the results presented, we can clearly observe that the effects of bottom slope (and, in general, of the bottom variations) on the hydrodynamic characteristics of the floating bodies can be important, especially in the case of intermediate and shallow water conditions ( /h 7 λ > ) . In this case, the present method can serve as a useful tool for the design and performance evaluation of floating structures and ships operating in nearshore and coastal waters.
THE 3D PROBLEM
More specifically, in Fig. 2 the effect of bottom slope on the hydrodynamic forces, the added masses and the damping coefficients is presented. In Fig. (2b) (sloping sea-bed 25%). The normalization used for the hydrodynamic forces is:
2) ρ
In this section we shall extend the present theory to the case of a 3D floating body, lying over an uneven seabed. This is accomplished by means of the 3D bottom-dependent Green's Belibassakis & Athanassoulis (2004) . This singularity satisfies the no-entrance boundary condition on the bottom profile and exhibits the appropriate behaviour at infinity. In the context of hybrid schemes, different representations of the solution to the diffraction and radiation problems associated with the floating body hydrodynamics are used in the near field , which encloses the body and the variable bathymetry region, and in the far field ; see Fig. 4 . Here, the two subdomains are defined by means of the cylindrical surface to be large enough, the following approximation for the wave potential in the exterior domain is easily obtained:
where the function ( ) U r is defined as the ratio:
where and r denotes the centroid of the surface panel , and denotes its area. Then the diffractionrefraction-radiation problems associated with the wave-bodyseabed interaction can be solved by means of the following system of equations (defining the hybrid scheme):
The last result can be considered as a generalization of the classical Sommerfeld radiation condition in the presence of an uneven bottom profile.
A numerical example is presented in Figs. 5 and 6 concerning the calculation of the diffraction potential around a floating oblate spheroid of radius 5m and draft 1m, lying over a smooth but steep shoal, characterized by the depth function: 
In this case, the depth ranges from h m to
, and the maximum bottom slope is 47%. An obliquely incident wave of period T=3sec, propagating with direction with respect to the parallel bottom contours (indicated by an arrow in Fig. 5) , is considered. The characteristic wavelength varies from In Fig. 5 the generalized incident wave field over the smooth shoal (6.9), without the effect of the floating body, is plotted, as calculated by means of the present coupled-mode model, described in Sec.2 and appropriately extended to treat obliquely incident waves (see Belibassakis et al 2001) . In Fig. 6 , the diffraction field, induced by the 3D floating body lying over the variable bathymetry (6.9), is shown. In both these figures only the real part of the corresponding wave potential on the free surface is plotted by using equipotential lines. The present hybrid scheme, consisted by Eqs. (6.4), (6.5), (6.6) and (6.8), has been solved by a boundary element technique, using totally 6975 quadrilateral elements: 900 elements for discretizing are defined through the solution ( P ϕ of the wave propagationrefraction problem over the same variable bathymetry region, without the presence of the body (in the case of the diffraction problem), or by the components of the generalized normal vector (in the case of the radiation problems). The formulation of the hybrid scheme is completed by the matching conditions, requiring the continuity of the potential and of its normal derivative, respectively, on the surface of the vertical cylinder : . In the examined case, the calculation seems to correctly represent the strong 3D features of the reflected-diffracted wave field. More detailed results and comparisons with other numerical methods, as well as with experimental data, aiming to the validation of the present method, will be presented in future work.
CONCLUSION
A hybrid technique, based on the coupled-mode theory by Athanassoulis & Belibassakis (1999) , in conjunction with a boundary integral representation, has been developed to treat the problem of hydrodynamic analysis of floating bodies in general bathymetry. The present method is free of any mildslope assumption concerning the seabed topography.
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